The signaling events underlying oral mucosal inflammatory responses to P. gingivalis and its key endotoxin, lipopolysaccharide (LPS), relay primarily on the LPS engagement of Toll-like receptor-4 (TLR4), and the activation of IκB-kinase complex (IKK) and mitogen-activated protein kinases (MAPKs that exert their control over transcription factors implicated in the regulation of iNOS and COX-2 proinflammatory genes expression). Since spleen tyrosine kinase (Syk) has emerged recently as a major amplifier in the production of proinflammatory mediators, we investigated the process of recruitment and interaction of Syk with TLR4 in salivary gland acinar cells in response to P. gingivalis LPS. Our findings revealed that stimulation of the acinar cells with the LPS leads to protein kinase Cδ (PKCδ)-mediated phosphorylation of Syk on Ser which results in its localization with the membrane associated TLR4 complex and the activation through phosphorylation on Tyr. Further, our results support the involvement of Syk in the amplification of transcription factors involved in the assembly and expression of transcription complexes associated with the induction in COX-2 and iNOS genes. Therefore, our data suggest that PKCδ is a primary linchpin affecting the Syk recruitment to the membrane localized TLR4, and hence affects the efficiency of the kinase activation and the magnitude of oral mucosal inflammatory response to P. gingivalis.
Introduction
Porphyromonas gingivalis, a prominent component of the oral microbiome, is a Gram-negative anaerobe found in periodontal pockets of people with gum disease where it plays a major role in the pathogenesis of periodontitis, a chronic inflammatory disease that is a primary cause of adult tooth loss [1] [2] [3] [4] .
The extent of oral mucosal reaction to P. gingivalis invasion relays heavily on toll-like receptors (TLRs), a family of transmembrane pattern recognition receptors that recognize structurally common motifs of pathogens and initiate antibacterial responses [5] [6] . Among the virulence factors of P. gingivalis implicated in TLRs' activation and triggering vigorous inflammatory responses is the bacterium cell-wall lipopolysaccharide (LPS) [7] [8] .
Indeed, studies indicate that P. gingivalis LPS, like LPS of other Gram-negative bacteria [9] , is a potent activator of TLR4 leading to its dimerization at the several critical Tyr residues that are essential for the initiation of downstream signaling events [6] . The key element of this signaling is the activation of two sets of kinases, mitogen-activated protein kinase (MAPK) cascade and IκB-kinase complex (IKK) [5] [6] [9] . The activated MAPKs, including extracellular signal-regulated kinase (ERK), c-Jun terminal kinase (JNK), and p38 [10] [11], along with IKK, in turn, exert their control over transcription factors implicated in the induction of the expression of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) genes that lead to up-regulation in the production of inflammatory mediators, PGE2 and NO [11] [12] [13] .
While under normal physiological conditions, the transcription factors function at low or undetectable levels, their expression increases dramatically following transcriptional activation by inflammatory stimulus [14] [15] [16] . Indeed, evidence indicates that in response to stimulus, c-Jun, c-Fos, ATF2, and NF-κB factors undergo rapid phosphorylation by the specific upstream kinases that affect significantly their dimerization with different partners of transcription factor family and hence the transcriptional activity of NF-κB and AP1 complex [14] [15] [16] . Moreover, LPS-induced TLR4 activation and the ensuing phosphorylation of its tyrosine domain by Src-family kinases [6] [17] , provide a convenient docking site for the recruitment of spleen tyrosine kinase (Syk), the activation of which is known to increase the expression of inflammatory genes [17] [18] [19] .
Syk, initially found in hematopoietic cells and recognized for its role in adaptive immune responses, has emerged recently as a major effector in TLR4-mediated inflammatory reaction to LPS [18] . This 72 kDa non-receptor tyrosine kinase comprises of two tandem N-terminal Src homology 2 (SH2) domains, a linker region, and a C-terminal kinase domain [17] [18] . The first step in Syk activation is its binding through SH2 domains to the intracellular Toll-IL-1 receptor (TIR) domain of TLR4 or signaling proteins containing phosphorylated immunoreceptor tyrosine-based activation motifs (ITAMs) in their cytoplasmic regions [19] . This results in conformational changes in Syk and its activation through Journal of Biosciences and Medicines phosphorylation on several tyrosine residues, which leads to the activation of the PLC, PI3K, MAPK and ERK signaling cascades, and amplification in the induction of inflammatory response [19] [20] .
Although phosphorylation of Syk on multiple Tyr sites is the most apparent posttranslational modification affecting the kinase signaling potential, there are reports demonstrating that upon stimulation Syk also undergoes rapid phosphorylation on several residues of Ser [19] 
Materials and Methods

Salivary Gland Cell Incubation
The acinar cells of rat sublingual salivary gland were suspended in five volumes of ice-cold Dulbecco's modified (Gibco) Eagle's minimal essential medium (DMEM), supplemented with fungizone (50 µg/ml), penicillin (50 U/ml), streptomycin (50 µg/ml), and 10% fetal calf serum, and gently dispersed by trituration with a syringe and settled by centrifugation [23] [24] . The cells were then resuspended in the medium to a concentration of 2 × 10 7 cell/ml, and transferred in 1 ml aliquots to DMEM in culture dishes and incubated under 95% O 2 and 5% CO 2 atmosphere at 37˚C in the presence of 0 -100 ng/ml P. gingivalis LPS [24] . P. gingivalis used for LPS preparation was cultured from clinical isolates obtained from ATCC No. 33277 [25] . In the experiments evaluating the effect of PKC inhibitors, classical PKC isoforms, Gö6976 and the inhibitor of classical and novel PKC isoforms, GF109203X (Sigma), as well as the inhibitors of JNK, SP600125, ERK, PD98059, and p38, SB202190 (Calbiochem), the cells were first preincubated for 30 min with the indicated dose of the agent or vehicle before the addition of the LPS. The viability of cell preparations before and during the experimentation, assessed by Trypan blue dye exclusion assay [2] , was greater than 98%.
Cell Membrane Preparation
To assess membrane translocation of Syk as a function of kinase activation through phosphorylation on Ser and Tyr in response to P. gingivalis LPS, the sublingual salivary gland acinar cells from the control and experimental treatments were subjected to cell membrane preparation. The cells were homogenized for 10 s at 600 rpm in 3 volumes of 50 mM Tris-HCl buffer, pH 7.4, containing 0.25 M sucrose, 25 mM magnesium acetate, 1 mM EDTA, 1 mM dithiothreitol, 10 mM aprotinin, 10 mM leupeptin, 10 mM chymostatin, and 1 mM Journal of Biosciences and Medicines PMSF [26] . The lysate was centrifuged at 5000 × g for 15 min, the supernatant was diluted with two volumes of cold homogenization buffer and centrifuged at 10,000 × g for 20 min. The resulting supernatant was then subjected to centrifugation at 100,000 × g for 1 h at 4˚C, and the obtained membrane pellet was suspended in the extraction buffer, containing 20 mM HEPES, pH 7.9, 25% glycerol, 0.4 M NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, and 1 mM PMSF. After 30 min of incubation at 4˚C, the suspension was centrifuged at 15,000 × g for 15 min, and the supernatant containing solubilized membrane fraction was collected and stored at −70˚C until use. Protein content of the prepared membrane fraction was analyzed using BCA protein assay kit (Pierce).
Immunoprecipitation and Immunoblotting
The acinar cells from the control and experimental treatments were collected by centrifugation and resuspended for 30 min in ice-cold lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 1 mM sodium orthovanadate, 4 mM sodium pyrophosphate, 1 mM PMSF, and 1 mM NaF), containing 1 µg/ml leupeptin and 1 µg/ml pepstatin [26] . Following brief sonication, the lysates were centrifuged at 10,000 g for 10 min, and the supernatants were subjected to protein determination using BCA protein assay kit 
Data Analysis
All experiments were carried out using duplicate sampling, and the results are expressed as means ± SD. Analysis of variance (ANOVA) and nonparametric Kruskal-Wallis tests were used to determine significance. Any difference detected was evaluated by means of post hoc Bonferroni test, and the significance level was set at p < 0.05.
Results
Taking into account emerging evidence as to the role of Syk in the modulation of Journal of Biosciences and Medicines ) (pSyk) and anti-phosphoserine (pSer) PKC substrate antibody, and the relative densities of proteins are expressed as fold of control (b). The data represent the mean ± SD of four separate experiments. *P < 0.05 compared with that of control.
we concluded that P. gingivalis LPS-induced Syk activation through phosphorylation on Tyr requires the involvement of the LPS-elicited TLR4 engagement.
Since in addition to Syk phosphorylation on Tyr sites, the kinase is also phosphorylated rapidly on Ser residues [19] [22], we next assessed the kinetics of Syk phosphorylation on Ser and Tyr in the acinar cells subjected to P. gingivalis LPS stimulation. The results revealed that the LPS-induced Syk phosphorylation on Ser precedes in time-dependent manner ahead of the kinase phosphorylation on Tyr (Figure 2) . Moreover, we found that the LPS-induced phosphorylation of Syk on Ser was susceptible to suppression by the inhibitor of classical and novel PKC isoforms, GF109203X, but not the inhibitor of classical PKC isoforms, Gö6976 (Figure 3 ). These data, thus suggest the involvement of the novel PKC isozyme, identified earlier as PKCδ [27] , in the processes of salivary gland acinar cell Syk phosphorylation on Ser. As Syk localizes mainly in cytoplasm and its association with the membrane-bound TLR4 complex upon activation requires its membrane recruitment [19] , we also examined the effect of P. gingivalis LPS on the requirement 
Discussion
Oral mucosal reaction to periodontopathic bacterium, P. gingivalis a major component of oral microbiome is characterized by a massive rise in proinflammatory cytokine production, up-regulation in MAPK/JNK, p38 and ERK activation, and the induction in iNOS and COX-2 enzyme systems that lead to rapid induction in generation of inflammatory mediators, NO and PGE2 [11] [12]
[13]. The signaling events underlying the inflammatory responses to P. gingivalis [15] , it is apparent that the Syk-induced changes in transcription factors activation plays a major role in the transcriptional outcome of proinflammatory genes expression ( Figure 7) . Hence, the pharmacological agents targeting Syk activation offer tempting alternative for the therapeutic intervention in the treatment of chronic periodontitis.
Conclusion
The findings presented herein, indicate that P. gingivalis LPS-induced upregulation in salivary gland acinar cell Syk activation proceeds through the pivotal 
